Discovery of a new isomeric state in 68 Ni: 
Evidence for a highly-deformed proton intruder state. 
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We report on the observation of a new isomeric state in 68 Ni. We suggest that the newly observed 
state at 168(1) keV above the first 2 + state is a 7r(2p — 2h) + state across the major Z—2S shell 
gap. Comparison with theoretical calculations indicates a pure proton intruder configuration and 
the deduced low-lying structure of this key nucleus suggests a possible shape coexistence scenario 
involving a highly deformed state. 

PACS numbers: 21.10.Re,21.60.Cs,23.20.Lv,23.35.+g,27.50.+e 



The atomic nucleus is a complex quantum system con- 
sisting of two kinds of strongly- interacting fermions. A 
direct consequence of this fermionic nature, the Pauli 
principle, is the shell model of the nucleus, one prop- 
erty of which being the existence of magic gaps. Shell 
structures are present in a number of systems like atoms, 
metal clusters, or quantum dots and wires for instance 
and are strongly linked to the symmetries of the mean- 
field. How the shell gaps evolve in nuclei that are further 
and further away from stability is one of the key questions 
to which the radioactive beam facilities that are currently 
under construction have to bring answers. Already today, 
the structure of moderately exotic nuclei such as 68 Ni al- 
lows one to pave the way towards a general answer to the 
problem of shell evolution. Unusual configurations which 
are expected to dominate in the ground state structure of 
very exotic nuclei can be identified as excited structures 
in systems not very far away from stability. The strong 
contribution of the spin-orbit term in the nucleon-nucleon 
interaction affects in a major way the single-particle lev- 
els with the largest angular momentum, pushing it down 
in energy. This quenches significantly the N=40 magic 
gap from the spherical harmonic oscillator. The intru- 
sion of the lgg/2 and the 2d§/2 neutron orbitals bring 



collectivity and enhances neutron pair excitations across 
N=40 from the fp shell into the lgg/2- Conversely how- 
ever, this parity change hinders quadrupole excitation 
and mimics some properties usually associated to magic- 
ity In 68 Ni, the observation of a first excited 0^" state 
at low energy [1] and the high excitation energy of the 
2+ state [2] are examples of such properties. These com- 
peting consequences of shell quenching make of 68 Ni a 
particularly suited case to study the evolution of shell 
gaps with isospin. 

Reactions involving single proton particle-hole excita- 
tions, 7r(lp-lh), are an ideal tool to learn about the resid- 
ual interaction. Unfortunately they lie at very high exci- 
tation energy. One possibility to circumvent this reef is 
to look for 7r(2p-2h) states which are lowered in energy 
thanks to pairing correlations and proton-neutron resid- 
ual interactions. Studying pair excitation across magic 
gaps means, therefore, studying these residual interac- 
tions. Pair excitations are revealed by the presence of 
excited + states. In 68 Ni, two such states are reported, 
mainly of neutron character, originating from the scat- 
tering of pairs into the ulg 9 / 2 - State corresponding to 
the excitation of two protons (2p-2h) has been predicted 
by Pauwels et al. [3, 4] using the energy of the intruder 
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7r(2p-lh) state in 69 Cu and, symmetrically, the 7r(lp-2h) 
in 67 Co, which both lie at N=40. The energy they derive 
leads to a low value of 2202 keV, which can be under- 
stood only with an important gain in binding energy from 
the 7r — v residual interactions between the two proton- 
holes and the active valence neutrons across N=40 [3, 4]. 
The spin-parity of the 7r(lp-2h) state in 67 Co was pro- 
posed to be (l/2~) and corresponding to a prolate proton 
intruder configuration [3]. This shape isomer indicates 
therefore the presence of deformed low-lying proton in- 
truder states below 68 Ni. Later on, evidences for such 
deformed (7rp 3 / 2 ) intruder orbital were reported in the 
spectroscopy of odd mass Mn isotopes [5] in /3-decay ex- 
periments. These results strongly suggest the presence 
of a deformed 7r(2p-2h) intruder state in 68 Ni. But de- 
spite the large number of experiments dedicated to 68 Ni, 
no evidence of proton-pair excitation has been reported 
so far, preventing us from a coherent understanding of 
the nuclear structure in this mass region. In the present 
work, we report on the observation of a new isomeric 
state in 68 Ni which we propose to have a + character. 

The experiment was performed at the Grand 
Accelerateur National d'lons Lourds (GANIL) by using 
multi-nucleon transfer reactions in inverse kinematics. A 
238 U beam at 6.33 A.MeV bombarded a 1.3 mg/cm 2 thick 
70 Zn target. The target-like reaction products were de- 
tected and identified in the VAMOS spectrometer [6, 7] 
used in a solenoid mode. The optical axis of the spec- 
trometer was set at 45° with respect to the beam axis, 
such that the grazing angle was within the angular ac- 
ceptance of the spectrometer. In this mode, the dipole 
of the spectrometer is not used and the transmission is 
increased by 50% with respect to the standard disper- 
sive mode. The reaction products are refocused in a new 
detection setup [8] located at the focal plane of the spec- 
trometer, which provides an unambiguous identification 
of the recoils on an event- by- event basis. The atomic 
number is measured by combining the energy loss in three 
successive ionization chambers and the residual energy 
deposited in four silicon detectors. The mass is deter- 
mined from the total kinetic energy and the time of flight 
between silicon detectors and a Multi Wire Proportional 
Chamber located 138 mm downstream the target. The 
flight path through the spectrometer is determined us- 
ing Secondary Electron Detectors [9] and following the 
procedure described in [6] . We have obtained a mass res- 
olution AA/A = 1.2% and an atomic number resolution 
AZ/Z—1.1%. Prompt 7-rays emitted at the target posi- 
tion were measured by eleven clover detectors from the 
EXOGAM array [10] in coincidence with the recoils iden- 
tified in VAMOS. Delayed 7-rays were also detected at 
the VAMOS focal plane by four HPGe detectors facing 
the silicon detectors where the recoils were implanted. 
With a recoil velocity from 22 to 45 /zm/ps, the flight 
time through the spectrometer was 200-400 ns. The life- 
times have been measured using a time to digital conver- 
sion module with a hardware gate of 3 fis. Our delayed 
spectroscopy setup is therefore sensitive to lifetimes from 
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FIG. 1. (Color online) Delayed 7-ray spectrum in coincidence 
with 68 Ni. The purple spades, the blue diamonds and the 
green clovers indicate respectively the 69 Ni, 69 Cu and 67 Ni 
isomeric decay. The red heart overscores the transition that 
belongs to 68 Ni. The inset shows the time spectrum from 
which the half-life of the 168(1) keV transition is extracted. 



^100 ns up to ~10 /US. 

In this Rapid Communication, we focus on new re- 
sults obtained on the 68 Ni key nucleus. Fig. 1 shows 
the delayed 7-ray spectrum observed in coincidence with 
its identification in VAMOS. Several isomers are known 
in 68 Ni: an 8 + seniority isomer with a half-life ti/2 = 
23.3(11) ns [11], which decays in-flight in the spectrome- 
ter; a 5~ state with ti/ 2 = 0.86(5) ms [12], which is too 
long-lived for its decay to be observed; and a 0^ state 
with ti/2 = 270(5) ns [13]. Given the mass and charge 
resolution we measured, the spectrum obtained after se- 
lection of 68 Ni is slightly contaminated by neighboring 
nuclei, 67 ' 69 Ni and 69 Cu, in which isomers are known. All 
the transitions from their decay have been identified (see 
Fig.l). In particular, the transitions observed in 69 Cu 
correspond to the decay of a 13/2 +m state. Its half-life 
is well known (tj/2 = 360(30) ns) [11] and allowed us 
to fully control our setup and procedures. Our measure- 
ment yields the value of t 1 / 2 = 360(20) ns in excellent 
agreement. 

In addition, two peaks at 168 keV and 511 keV are 
clearly visible. The procedure to assign these lines to a 
given nucleus is described in Fig. 2. This figure shows the 
mass spectrum measured by VAMOS and in coincidence 
with the observed delayed 7-rays. The mass distribution 
given by the coincidence with the 168 keV line is A = 
68.19(4) with a = 0.32(4) i.e. 68. This procedure applied 
to the Z distribution confirms the assignment to nickel. 
The same is true for the 511 keV line. Therefore, they 
both have been assigned to 68 Ni. The 511 keV transition 
most probably arises from the internal pair creation in 
the decay of the 0^ to the ground state. No isomeric 
state decaying by a 168(1) keV line was reported so far 
in 68 Ni. The half-life of the new state decaying via the 
168 keV transition was measured at tx/ 2 = 216(lgQ) ns 
as shown in the inset of Fig. 1. No other transition is 
observed. 

It is unfortunately not possible to use 7-7 coincidences 
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FIG. 2. (Color online) Mass spectra in coincidence with the 
observed delayed 7-rays. The coincidence gates select: (a) the 
313+694 keV transitions in 67 Ni, (b) the 168 keV transition, 
(c) the 69 Cu lines and (d) the 143+593 keV transitions in 
69 Ni. 



at the focal plane to build the level scheme. The non- 
observation of the 2f — > Of transition is consistent with 
a decay of the isomeric state to the 2f state due to the 
very low cross-section to populate this new isomer (as 
given by the statistics in the 168 keV peak) and to the 
low efficiency of the four Ge detectors at the focal plane 
at 2 MeV: the efficiency ratio between 168 keV and 2 
MeV is 16, which leads to less than 3 counts in the 2 
MeV peak assuming a 100% decay to the 2+ state. This 
is below our detection limit. All the other known tran- 
sitions in 68 Ni have an energy lower than 2 MeV and 
should have been observed if lying in coincidence with 
the isomer decay. Weisskopf estimates for the half-life of 
an El, E2, Ml and M2 168 keV transition are 0.1 ps, 300 
ns, 6 ps and 20 /xs respectively. The measured half-life 
indicates therefore an E2 character. The corresponding 
very low B(E2|) < 23.5 e 2 /m 4 ( < 1.4 W.u.) (assuming 
a pure E2 transition), indicates a single particle charac- 
ter. Spin and parity of the new isomeric state can be 
inferred from the direct transfer reactions 70 Zn( 14 C, 16 O) 
performed in [1, 14]. Two states assigned to 68 Ni have 
been measured at 1770(30) keV and 2200(30) keV. The 
angular distributions and Distorted Wave Born Approx- 
imation calculations for the first excited state gave an 
unambiguous Of assignment. The situation for the sec- 
ond excited state was much more uncertain due to the 
presence of a contaminant peak at E ~ 2.3 MeV arising 
from the presence of oxygen in the target. For this rea- 
son, the two data points closest to 0° scattering angle 
were removed from the analysis and the authors tenta- 
tively identified this state as the 2f , not observed at that 



time, but later measured at 2033 keV [2]. The 2.2 MeV 
state might well be the one we report in this letter. In 
fact, it is one of the properties of the angular distributions 
of the + — >0 + to be strongly forward peaked. It is also 
clear that in [14], the angular distribution could also be 
fitted as a AL=0 transfer. Consequently, we tentatively 
assign this E 7 =168(l) keV transition to the decay of a 
new (Of m ) state at 2202(1) keV to the 2f . The position 
of the (Of m ) level is in remarkable agreement with the 
2202 keV 7r(2p-2h) 0+ intruder state, i.e. (1tt/ 7/2 )- 2 , de- 
duced by Pauwels et al. [4] . The excitation energy at the 
nearly exact sum of the 7r(2p-lh) and 7r(lp-2h) intruder 
state excitation energy in 69 Cu and 67 Co respectively is 
consistent with the fact that the wave function has a pure 
7r(2p-2h) character. This further supports the single par- 
ticle character deduced from our measured E2 transition 
rate. Any possible E0 decay would strengthen even more 
this conclusion. 

The 68 Ni nucleus has been produced and studied by 
various means: transfer reactions, as already discussed, 
but also using deep-inelastic reactions, fragmentation re- 
actions and /3-decay studies. The question of the non ob- 
servation of the 168 keV transition in these earlier works 
then arises. We carefully examined the previous stud- 
ies known to us, and it first turns out that none of the 
deep-inelastic experiments [2, 11, 15] was suited to pos- 
sibly detect it (no adequate isomer setup, high gamma- 
ray-fold hardware trigger or high-lying transition gate in 
the analysis). Fragmentation reactions dedicated to the 
quest of new isomers have been performed in particular 
at the LISE fragment separator. In these experiments, 
and when the flight path of the fragments was compati- 
ble with the new isomer half-life, neither the decay from 
the 8 + seniority isomer nor the one from the new (Of m ) 
state is observed. This has been checked in data from 
the fragmentation of an 86 Kr beam [16]. It is clear from 
these data that the decay of 68 Ni proceeds essentially via 
the 5j~ and the Of isomers. This supports the conclusion 
of [17] showing that the feeding pattern of isomers from 
intermediate energy fragmentation is a complex interplay 
between reaction channels, beam energy and momentum 
distribution selected by the spectrometer. 

Finally, 68 Ni was populated by /3-decay of 68 Co [18], 
which has a (7~) ground state. From the /3-decay selec- 
tion rules, it is clear that the 7~— ^ + transition is highly 
forbidden. Another isomer in 68 Co has also been ob- 
served to decay in 68 Ni which has been attributed a (3 + ) 
character in [18, 19] with a (7rf 7 / 2 )~ 1 (^pi/2) -1 (z'g9/2) +2 
configuration. A small fraction of the flux is feeding a 
state which has been tentatively assigned a (0 + ) char- 
acter. However, this decay would be a doubly-forbidden 
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transition from the (3 + ) state populates preferentially 
neutron states in 68 Ni as observed in [18]. More recently, 
in [20], it has been proposed to reassign from (3 + ) to (1 + ) 
the spin and parity of this isomer with however some in- 
consistency between apparent /3-decay feeding of the first 
excited state at 45 keV and its El decay to the isomer. 
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FIG. 3. Proposed level scheme deduced from the present work 
in 68 Ni. The open (filled) arrows indicate respectively the 
observed delayed (prompt) 7-ray. The configurations which 
are discussed in the text and isomers half-life are indicated. 



The non observation of the 168 keV line in /3-decay of 
68 Co" 1 would rather confirm the neutron character of the 
isomer hence the (3 + ) spin and parity. It is therefore very 
unlikely that the newly discovered state is fed by /3-decay. 
Another possibility that cannot be excluded however is a 
large fragmentation of the wave function of the (0^ m ) in 
68 Ni yielding to a very weak population, i.e. below the 
sensitivity limit [20] . 

The shell evolution of N=40 nuclei presents many sim- 
ilarities with the N=20 region around 32 Mg and was pre- 
sented as a new island of inversion [21]. The large scale 
shell model (LSSM) calculations performed with the most 
recent interaction (LNPS) tailored for the mass region 
and in an extended valence space [22] show that the 
strong deformation in the Cr chain is the result of the 
proton-neutron correlations between the neutrons pop- 
ulating the 1 g9/2-2d5/2 orbitals and the valence protons 
in the pf shell. This interaction satisfactory reproduces 
experimental data in the mass region [22] . We performed 
LSSM calculations using the LNPS interaction for 68 Ni. 
In the calculations, a third 0^ state [22] is found at 2.4 
MeV (i.e. very close to the proposed (0^~ m )) for which 
the dominant configuration is a 7r(2p-2h) i.e. (Itt/7/2) -2 - 
This intruder state has only normal parity neutron states 
as neighbors. The 2^ wave function is calculated to be a 
^(2p-2h) configuration and hence with a negligible over- 
lap with the theoretical 0^ state. As a result, the cal- 
culated B(E2!) is 0.9 W.u in good agreement with the 
experimental value. The correlation energies, quadrupole 
sum rule and fragmentation of the calculated wave func- 
tions reflect the difference in nature of low lying + states. 
The spherical ground state is characterized by -7.6McV 
of correlation energy, 899 e 2 /m 4 quadrupole sum rule 



and 61% of closed shell configuration, whereas for the 
proton intruder 0^" we obtain -30.9MeV of correlation 
energy, 4520 e 2 fm 4 [23] of quadrupole sum rule and 
a wave function spread out over many spherical com- 
ponents. The calculated intrinsic quadrupole moment 
Qint ~ 195 efm 2 corresponds to a very large quadrupole 
deformation of fa ~ 0.4, a value which is comparable to 
the one measured in superdeformed bands of the zinc 
region [24]. In addition, the second 2 + level is cal- 
culated just 234 keV above the O3 state. They have 
very similar proton and neutron configurations and the 
B(E2;2~\ — > O3") is as large as 46 W.u., which confirms 
the highly collective character of the band built on top 
of the O3 state. 

Complementary, the collective structures in N=40 iso- 
tones have been recently investigated within the Hartrec- 
Fock-Bogoliubov approach using the Gogny D1S effec- 
tive interaction [25]. Coupling between collective and 
non-collective degrees of freedom are not included in the 
approach and therefore any two-proton state is beyond 
reach of the model. However, one can extract hints on 
the deformation from the calculated pairing energies. In 
68 Ni, proton and neutron pairing energies vanish simul- 
taneously at large /3 deformation ((3 ~ 0.45) strongly sug- 
gesting a possible local minimum in the potential energy 
surface, hence a shape coexistence scenario involving a 
highly deformed state. The (O^™ 1 ) state is obviously a 
natural candidate for such a minimum. 

Finally, fully consistent QRPA calculations with D1S 
interaction [26] were performed for 68 Ni. Three excited 
0+ states at 2.14 MeV, 2.24 MeV and 3.47 MeV respec- 
tively are predicted. The two first states most probably 
correspond to a single physical state at 2.14 MeV. This is 
due to the approximation used in the calculation of 2p-2h 
states in QRPA. This state is absent in the correspond- 
ing ph-RPA calculations and it has a pure proton char- 
acter. Its wave function is dominated by the (177/7/2) ~ 2 
configuration in excellent agreement with the proposed 
interpretation. The + excited state at 3.47 MeV has a 
pure neutron configuration and might correspond to the 
first experimental excited state. 

Both experimental and theoretical investigations give, 
therefore, a more coherent picture of the low-lying struc- 
ture of 68 Ni where the 0^ 4 result from the scattering of 
pairs into the 1^59/2 and the (O^ 1 ™) is interpreted as a 
(l7r/7/ 2 )~ 2 configuration (see Fig. 3). Many examples of 
such n(2p — 2h) + states are known in semi-magic nu- 
clei [27] . They occur at lowest excitation energy when the 
number of active valence nucleons is at mid shell (e.g., 
around 116 Sn or 186 Pb) because neutron-proton corre- 
lations are maximal at that point. What makes 68 Ni 
unique is that, despite the doubly- magic character of the 
dominant component of its ground state, it has a low- 
lying 7r(2p — 2h) + state as a result of an unusually large 
neutron-proton correlation energy. The configuration of 
the newly observed (0^™) state with active protons in the 
pf shell is very similar to the Fe case, i.e. with two holes 
in the l7r j "7/2 orbital. Therefore one can reasonably con- 
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sider that the configuration corresponding to the (0^ m ) 
state at 2202(1) keV in 68 Ni migrates down to 491 keV 
excitation energy in 67 Co to become the ground state in 
66 Fc. The normal configuration, as opposed to the in- 
truder one, might then appear as a low-lying + state in 
66 Fe. 

In summary, a new isomeric state has been observed 
at 168(1) keV above the first 2+ state in 68 Ni. It is 
interpreted as the intruder 7r(2p-2h) + state across the 
major Z=28 shell gap. This interpretation is supported 
by large scale shell model calculations which also indicate 
a highly deformed state with ($2 ~ 0.4. Our observation 
fits extremely well with the prescription used in [4] to 
predict the energy of the 7r(2p-2h) and also with the most 



recent theoretical calculations, indicating a pure proton 
excitation character for this state. The systematics of 
intruder states along the N=40 isotonic chain with Z<28 
strongly suggests that shape coexistence is occurring at 
low energy in 68 Ni. 
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A DTJnjX Package to Place Bibliography 
Entries in Text 

Patrick W. Daly 

This paper describes package bibentry 
version 1.5 from 2007/10/30 

Summary 

The stripped version of this file contains the following brief description: 

'/, Bibliography Entries in Text 
•/. 

7. In place of \bibliography{database}- , enter \nobibliography{database} 

y, No bibliography is written at this point, but afterwards, 

y. \bibentry{key} prints the bibliography entry for citation <key> 

y, (whereas \cite{key} prints the citation, not the bib entry) 

•/. 

°/, If \bibliography is also to be given, then issue the starred variant 
y, \nobibliography* (without argument) . 



1 Introduction 

This package allows one to be able to place bibliographic entries anywhere in the 
text. It is to be used to produce annotated bibliographies, such as 

For an intoduction to this topic, see Jones, J. R., Basics on this topic, 
J. Last Resorts, 13, 234-254, 1994. For more advanced information, 
see 

The idea is that the full reference is used, not just the citation Jones [1994]. 



2 Invoking the Package 

The macros in this package are included in the main document with the 
\usepackage command of M^X2e, 

\documentclass [ . . ] { . . . } 
\usepackage{bibentry} 
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Bibliography Entries in Text 
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3 Usage 

This package must be used with BibTjtX, not with a hand-written thebibliography 
environment. 

More precisely, there must be a .bbl file external to the I^TjtX file; whether 
this is written by hand or by BibTjtX is unimportant. 
\nobibliography The bibliography entries are stored with the command \nobibliography{(Z)iZ)/iZes)}, 
which is like the usual \bibliography{(&i&/ifes}} except no bibliography is 
printed. The .bbl file is read in as usual but the thebibliography is redefined 
so that all the entries are stored, not printed. 
\bibentry The text of the entries may be printed with the command 

\bibentry{(fcej/}} 

These commands may only be issued after \nobibliography, for otherwise the 
reference texts are not known. 

The final period of the original text will be missing, so that one can add 
punctuation as one pleases. 

Regular \cite (or the natbib versions) may be issued anywhere as usual. 
\nobibliography* If a regular list of references is to be given too, with the \bibliography{ (Z)iZ)/iZes)} 
command, issue the starred version \nobibliography* (without argument) in 
order to store the bib entry texts. This will load the same .bbl file as 
\bibliography, but will avoid messages from BibTjtX about multiple \bibdata 
commands and warnings from I^TjtX about multiply defined citations. 

The processing procedure is as usual: 

1. ETeX the file; 

2. Run BibTeX; 

3. MgX the file twice. 

Note: it is highly recommended to make use of the url package, which will nicely 
format both url and doi addresses; in particular, they will break at convenient 
locations without a hyphen. 



4 Caveats 

The entries in the . bbl must be of the form 

\bibitem [(Za&eZ)] {.(key)} 
Text of the reference entry. 

\bibitem. . . 

That is, there must be a new line after the {(key)} (or at least a space) and a 
blank line before the next \bibitem. The final period in the text will be removed, 
if present, allowing one to place the \bibentry commands in mid-sentence. Of 
course, there may be other periods within the text that might look funny. 
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The bibentry package will work with natbib with its native \bibitem format, 
and with standard M^X. Nothing else can be guaranteed. 

It will also work with Donald Arseneau's url package. This is highly recom- 
mended (almost obligatory) if the references contain Internet addresses (URLs) 
and any of my bibliography styles are being used. My styles pack the URL text 
into the \url command. Without the url package, this command defaults to 
\texttt which does a horrible job of printing URL addresses, especially if they 
contain special characters. 

The use of both \nobibliography* and \bibliography together is limited 
and perhaps unsatisfactory. There is only one .bbl file, and hence one list of 
references. Since \nobibliography* does not have its own list of database files, 
one cannot take the \bibentry citations from separate databases. Also, any 
\bibentry citation must appear in the list of references, something that one might 
reasonably not care for. (It must be in the .bbl file else its text cannot be stored 
for \bibentry use.) 

It would be better if \nobibliography and \bibliography could be used 
independently of each other, with different databases, different .bbl files. How- 
ever, this involves enormous complications, with separate . aux files and naming 
problems for the .bbls. 



